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Abstract
The process of the vacuum polarization energy losses of high energy cosmic rays
propagating in the extragalactic space is considered. The process is due to the polar-
ization of Cosmic Radiation Background by a moving charged particle. With the goal
of the description of the process, the photon mass, refractive indices and permittivity
function for low and high energy photons are found. Calculations show the rather
noticeable level of the energy losses for propagating protons with the energies more
than 106 − 107GeV . The influence of the polarization energy losses on propagation
of cosmic rays is discussed.
1 Introduction
The problems of the origin and propagation of high energy cosmic rays is widely discussed
in recent years (see, for example [1, 2, 3] and literature therein). The photoproduction
of mesons and e-pairs in the Cosmic Radiation Background was considered as the main
reason of the energy losses of charged particles propagating in the extragalactic space[2,
4, 5]. However, the simulations of the spectral distributions of cosmic rays on this basis
do not provide a close agreement with observed data [2], and some peculiarities in the
spectrum such as "knee" [6] and GZK-cuto [7, 8] do not nd recognized explanation. In
this connection the determination of another reason of the energy losses is important and
interesting.
In this paper we consider the possible mechanism by which cosmic rays lose their
energy in the extragalactic space. It is the polarization energy losses of a charged particle
moving in the electromagnetic vacuum. In the presence of an external electromagnetic
eld the polarization of vacuum was considered rst in the pioneer papers [9]. The vacuum
polarization leads to dierent eects [10] such as the nonlinearity of the Maxwell equations,
appearance of nonzero photon mass, birefringence of light, etc. The description of the
various methods in the QED of vacuum one can nd in literature ( see [11] and references
therein). In parallel with other methods the traditional method, based on the introduction
of the permittivity tensor, may be used for the eective description of dierent phenomena
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in the electromagnetic vacuum. In this case the vacuum described by the Maxwell equations
which are similar to equations of the classical electrodynamics for continuous media[12, 13].
As an example, one can point out the well known low energy permittivity and permeability
tensors for constant electric and magnetic elds [10]. In paper [14] the connection between
the polarization and permittivity tensors is established. The using of the permittivity
tensor is convenient because this approach allows to consider the QED vacuum and matter
with the unit point of view.
2 The mass of photon, propagating in an isotropic
photon gas
The photon mass mγ in an isotropic medium is dened by the refractive index ~nγ of
monochromatic photons propagating in this medium
m2γc
4 = 2E2γ(1− ~nγ(Eγ)) (1)
where Eγ is the photon energy. From this equation one can see the equivalence of nding of
the photon mass and the refractive index. Note that in the general case the refractive index
is a complex value. However, in a transparent medium its imaginary part is a negligibly
small quantity.
Our calculations of photon mass in an isotropic photon gas are based on the results of
papers [15, 16], where propagation of γ-quanta in the eld of monochromatic and dichro-
matic laser waves was considered. In these papers the permittivity tensor was derived for
such media. Knowing this tensor one can nd the refractive indices of photon and other
characteristics of the propagation process. The imaginary components of the tensor are
connected with the energy losses due to e-pair production in the laser wave. The real
components of the permittivity tensor are derived with the help of dispersion relations.
In the case of an isotropic photon gas the energy losses one can describe by the following












where  Lγγ is the reciprocal of the mean free path for collisions, n() is the dierential
photon gas number density for the photon energy equal to , s is the center of momentum
frame energy squared, (s) is the total cross section of e-pair production, Eγ is the energy
of photon propagating in a medium, smin = 4m
2c4, smax = 4Eγ , min = smin=4Eγ, m is
the electron mass and c is the speed of light in the vacuum. All relations in this paper will
be valid for the laboratory coordinate system, which determined as the system where the
mean momentum of the background photons is equal to zero. From Eq.(2) one can nd





















1− z(1 + z)]dz
z2
(5)
where re is the classical electron radius, z = 4m
2c4=s and zm = 4m
2c4=smax = m
2c4=(Eγ).
The corresponding real part of the photon refractive index is:
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L+; z > 1:
(9)





1−p1− z ; L+ = ln
p
1 + z + 1p
1 + z − 1 : (10)
The obtained here relations for refractive indices are valid for low and high energy photons
propagating in a photon gas. Now one can calculate the refractive indices of the photon
propagating in the extragalactic space. As the rst approximation of this medium one can
take the model of the space which is lled by the Cosmic Background Radiation. In this





exp(=T )− 1 ; (11)
where T is the temperature. For low energy photons one can nd the following relation
for real part of the refractive index:












At present temperature T = 2:726o K the real part of refractive index for low energy
photons is 7:710−43. The comparison with the similar calculations in [18] shows that
obtained here result is more in 1.5 times (in other words, according [18] coecient in the
right part of Eq.(11) is 44/2025). There are other independent but indirect calculations of
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this index in literature. Before, we show how can nd this index, if the similar index for
a monochromatic laser wave is known. Really, the low energy refractive index one can get
from relation:













]2d cos  (13)
where in the square brackets is the value of refractive index minus 1 from [15] (< E2 > =(4)
is the energy of wave per unit volume, Eo = m
2c3=(eh)),  is the angle between directions
of γ and laser beams. In [15] was considered case for counter motion ( = ) and for
dierent angles  it needs to change 2 on the (1− cos ). It is clear that Eq.12 is the angle
averaging of the refractive index. Integrating Eq.(12) we obtain Eq.(11), if we take into
account that integral in Eq.(11) is equal to the energy per unit volume. Thus, it was shown
that for low energy photons the real part of refractive indices of an isotropic photon gas is
connected with the same value for photon propagating in the eld of the monochromatic
wave. On the other hand the low energy refractive indices, obtained independent way, are
presented in review[19] and they are in accordance with similar ones in [15].
Fig.1 illustrates the results of calculation of the photon refractive indices in the simplest
model of the extragalactic medium (in the Cosmic Background Radiation). One can see
that the real part is nearly constant in the wide energy range from 0 till 106 GeV with the
flat maximum ( 9 10−43) at Eγ  3 105GeV . At energies more than 5106GeV the real part
of index is negative. The imaginary part has maximum value  4 10−43 at Eγ = 8 105GeV .
Knowing the refractive indices one can nd the energy dependence of the permittivity
function of the photon gas. However, this function is not uniquely dened and it depends
on the relation between magnetic induction vector B and intensity of magnetic eld H
(see [12, 13]). In [15] the Maxwell equations are written with H = B and in this case the
permittivity function " is
"(Eγ) = ~n
2  1 + 2Re(~n− 1) + 2iIm(~n): (14)
3 Energy losses of particle moving in a medium
Propagating in the Cosmic Radiation Background charged cosmic rays produce polarization
of this medium. As result the cosmic rays lose the initial energy. This process is similar
in many respects to the ionization losses of energy of charged particles moving in matter.
It is clear that the vacuum polarization is many times more weak process, however it may
be noticeable on a large distances of particle propagation in such a specic medium as the
extragalactic space.
Our consideration will be based on the Landau theory of ionization energy losses of
relativistic particles in a matter [12]. However, a small adaptation of the theory will be
done with the goal of the elimination of divergences in the nal result.
The Maxwell equations in a medium have the following form:















where E is the intensity of electric eld and B is the magnetic induction vector,  and j
are the charge and current densities, "^ is the permittivity operator (see[12]), t is the time.
The charge and current distributions one can take in the following form:
 = e(r− vt); j = e(r − vt)v;
∫
V
(r)dr = 1; (17)
where e is the particle charge. The eld potentials we write in the usual form:




− grad ’ (18)




















) = −4e(r − vt): (21)















) = 4eFk exp (−ikvt): (23)
where Fk =
∫
(r) exp(−ikr)dr. One can see that the functions Ak and ’ depend on the
time as exp (−ikv). As it shown in [12], the result of action of "^-operator on exp (−i!t)-










k2 − (kv)2"(kv)=c2 exp (−ikvt): (25)




Ak − ik’k: (26)
Now we nd the damping force, which act on the extended charge. For this purpose we


























where  is the bounded surface. It is clear, that at r ! 1 the surface integral tends to






Obviously that Fouirier component of electric intensity has the form: Ek = Φ(k) exp−ikvt,
















Obviously, the damping force is directed against the velocity of particle. Let us name




z , where x-coordinate axis is along the direction of motion, ! is





















One can see that these relation is dier from similar relation in [12] by F 2(k)-multiplier.
This multiplier is the charge distribution of the moving particle in k-space (the axial
symmetry of the charge distribution around x-axis is assumed). For next we can assume
that "  1 + "0 + i"00; j"0j << 1; "00 << 1. Then we extract the real and imaginary
parts of the integrand function in Eq.(30). Thus, we get the sum of two integrals: I1 + iI2.
Besides, it needs to take into account that "0 and "00 are even and odd functions of the
























where γ is the Lorentz factor of the particle. Besides, in this equation F is the charge
form factor of the particles (i.e. the charge distribution in k-space in the particle rest
frame). The Eq.(31) for the damping force is nal. The two integrals in this equation are
converged. The integral over q is converged due to the form factor of the particle, and the
integral over ! is converged due to relation:" ! 1 at ! !1.
4 Energy losses of cosmic rays
For cosmic rays Eq.(31) one can simplify. It is well known that the maximum observed
energy of cosmic rays is less than 1012 GeV . One can see that energy losses depend on the
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real and imaginary parts of the permittivity function. However, one can neglect of this
dependence in the denominator. It is really that γ−2 >> j"0j; "00(see Fig.1 and [20]).




















where q = hq and Eγ = h!. Here we use relation: "
00 = "00. For the next calculations we
take the empirical electric proton form factor [21]:




where the empirical constant M2V = (0:84GeV=c)
2. Then we nd the integral over q and






"00(Eγ)(S1(Eγ) + S2(Eγ))Eγ dEγ (35)
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It is helpful to obtain the inexact but simple estimation relation for the damping force. It











where the < Eγ > is some value of the γ-quantum energy range, where the integrand has








According to calculations < Eγ > 8 107GeV and the quantity of the integral in the








where Z is the particle charge in the electron one units. From here one can see that energy
losses of high energy cosmic rays (protons) is about some hundreds of GeV per light year.
This value is the same order as the e-pair production in the Cosmic Radiation Back-




The results of calculations of the vacuum polarization energy losses of the high energy
cosmic rays show that losses are reasonably large, and, because of this, it is necessary
to take into account this process for true description of the particle propagation in the
extragalactic space. Fig.3 illustrates the relative polarization energy losses of protons and
iron nuclei in the extragalactic space. The results of calculation [2] of the energy losses
due to the photoproduction processes (p + γ ! p + e+ + e−; p + γ ! p + 0; :::) are
also shown on the gure. One can see the following peculiarities of the considered process:
i) the spectral distribution of polarization energy losses are rather broad, and the flat
maximum of the relative losses is at Ep;max  4 107GeV and EFe;max  1:4 1010GeV for
protons and iron nuclei, correspondingly;
ii) the relative value of the polarization energy losses has the same order as the losses
due to the photoproduction processes (at proton energies in the range > 107− 1010 GeV );
iii) the strong drop of polarization losses take place for particle energies Ep;max; EFe;max;
iv) the spectral behavior of proton and iron polarization losses is the same, but there
is valuable energy shift between the curves on Figs.2-3. As result at energies < 109 GeV
the polarization losses of protons is more, than ones for iron nuclei. The reverse situation
is observed at energies > 109 GeV ;
v) our calculations show that the points of inflection are exist for the both curves on
Fig.2 (when d2F=d2E = 0). It takes place when energies of particles are equal to 1:5 107
and 1:4 1010 GeV for protons and iron nuclei, correspondingly.
The behavior of energy losses for iron nuclei one can understand if taken into account
that the losses are proportional to the square of charge but the form factor cuts of the value
of damping force more strong for iron , than for proton (the constant MV = 0:13GeV=c ).
Now we make attempt to explain some experimental data in the observation of the
cosmic ray spectrum. The absence of the clear photoabsorbtion threshold in the spectrum
[2, 5] one can explain by the common continuous character of the summary energy losses.
Really, from g.3 we see that the polarization energy losses sewed together with the pho-
toabsorbtion ones. It means that clear photoproduction threshold can not be detected on
this background.
The "knee"-eect is another misunderstand area in the spectrum of the cosmic rays.
One can suggest that the "knee" is a point where the character of cosmic ray propagation
is changed. At energies more than "knee"-level the particles lose their relative energy and
after passing "knee"-point the energy losses are decreased and accumulation particles in
this area takes place.
Some remarks concerning the composition of cosmic rays. The composition is dom-
inated by protons at the lowest energies, and then the fraction of light nuclei increases
with energy[6, 22, 23]. However, at energies > 5 109GeV the protons is again dominated.
We can see on Fig.2 that at low energies the polarization losses of protons in many times
exceed the same losses for iron nuclei. On the other hand, at energies > 5 109 polarization
losses for iron nuclei are large. In particular, the composition of cosmic rays is determined
by lifespan in which a cosmic particle keeps its energy. Note, the "knee" is observed only
for proton fraction, and it is absent for nuclei with energies  109GeV . From our point of
view this fact is obvious. We believe that iron "knee" is at energies more than 1010 GeV
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near the point of inflection for the iron energy losses curve.
In the case if the considered here mechanism of vacuum polarization energy losses is
true the following statement take place: the initial number (or the speed of production) of
cosmic rays ( with energies above "knee"-point) is more, than it is commonly supported.
These our conclusions have the qualitative character. However, no doubt they may be
tested by simulation of the propagation process of cosmic rays.
In conclusion, we have touched on the nature of the considered phenomenon. The
using of methods of the electrodynamics of the continuous media allow one to describe
mathematically the mechanism of the vacuum polarization energy losses of relativistic
particles without detailed description of the primary processes, which are responsible for
this phenomenon. From this standpoint the moving charged particles polarize the medium.
It requires some energy and the particles give back its to the medium. In the case of the
electromagnetic vacuum this energy go into creation of virtual e-pairs. According to
Eq.(39) the spectrum of the virtual pairs is the rather broad and its up bound is near
the energy of particles. Although the quantities of the permittivity function "00 are rather
small, the noticeable value of the energy losses is generated due to broad and high energy
spectrum of virtual pairs in the laboratory coordinate system. It is obvious that these
pairs are low energetic in the rest frame of the cosmic charged particle. Then the real
photons from the Cosmic Radiation Background and virtual ones can interact eectively
in between at the condition Eγv > m
2c4, where Eγv is the energy of the virtual state.
It should be noted, that we do not consider the influence of the red shift on the energy
losses. It needs to make in the case when propagation of the cosmic rays is investigated on
long distances. Besides, we think that the contribution in the vacuum polarization energy
losses of cosmic rays from another background elds is possible.
6 Conclusion
On the basic of determination such characteristics as the photon mass, refractive indices
and permittivity function in the Cosmic Radiation Background the vacuum polarization
losses of high energy cosmic rays are considered. The calculations show the high level of
these losses for protons with energies more than  107GeV . The proposed mechanism
of losses leads to a revision of the existing propagation models of cosmic rays. With our
point of view the propagation of the high energy cosmic rays in the extragalactic space is
the dynamic process to a greater extent than it is expected. Experimental and theoretical
ivestigations of these processes will help to understand the nature and origin of the cosmic
rays in the Universe.
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Figure 1: The real minus unit (1) and imaginary (2) parts of refractive index (in
linear (a) and logarithmic (b) scales) in Cosmic Radiation Background as functions
of the photon energy. The absolute value jRe~n− 1j is shown in logarithmic scale.
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Figure 2: The vacuum polarization energy losses of protons and iron nuclei propa-
gating in the extragalactic space as function of the energy.
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Figure 3: The relative vacuum polarization energy losses of protons and iron nuclei
propagating in the extragalactic space as function of the energy. On the right the
similar value for photoproduction energy losses (from [2]) is presented for compari-
son.
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